The performance of 2 biological sulphate reduction (BSR) upflow anaerobic sludge bed (UASB) reactors fed primary sewage sludge (PSS) and sulphate, one at 20 o C (R2) and one at 35 o C (R1) is described. To maintain the effluent sulphate concentration below 250 mgSO 4 2-/ℓ, the hydraulic retention time (HRT) and bed solids retention time (SRT or sludge age) both needed to be longer and the feed primary sewage sludge ( 2-ratio is a consequence of a slower PSS hydrolysis/acidogenesis rate at 20 o C resulting in a lower biodegradable particulate organics conversion to volatile fatty acids (VFA). Solid liquid separation in both systems was good yielding average particulate and soluble organic COD concentrations of (150 and 100 mgCOD/ℓ for R1; 138 and 96 mgCOD/ℓ for R2). The sulphate reduction was >90% in both systems. The UASB reactor R1 (at 35 o C) was also operated at an increased influent sulphate concentration (1 800 mgSO 4 2-/ℓ) to investigate the inhibition effect by un-dissociated hydrogen sulphide generated from the reduction of this high sulphate concentration. It was found that a high sulphate reduction (~ 92%) was maintained even at the relatively low HRT of 18.5 h. The COD and S mass balances above 95% were achieved over both systems indicating that the performance data obtained from them is reliable for developing and calibrating mathematical models.
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Introduction
The feasibility of a novel system for BSR of AMD using PSS as carbon source in a UASB reactor configuration (R1) was described in Part 1 (Poinapen et al., 2009a) . From the successful operation of the UASB reactor R1 at 35 o C (fed 1 500 mgSO 4 2-/ℓ for a period of 280 d), the performance of BSR using PSS was evaluated also in a second identical UASB reactor (R2) operated in parallel to R1 but at ambient (20 o C) . This ratio for R2 was slightly higher than the R1 ratio of 1.25 because the hydrolysis/acidogenesis rate of PSS at 20 o C is slower than at 35 o C, but how much slower was not known. Later on Day 395, the PSS COD/SO 4 2-R2 ratio was increased to 1.75 (see Fig. 2 in Poinapen et al., 2009a) to reduce the effluent sulphate concentration to below 250 mgSO 4 2-/ℓ. In this paper, the operation and performance of UASB R2 at 20 o C are assessed, evaluated and compared with that of UASB R1 at 35 o C. After the feasibility study with R1 from Day 1 to 280 (Poinapen et al., 2009a) , the influent sulphate concentration to R1 was increased from 1 500 mgSO 4 2-/ℓ to 1 800 mgSO 4 2-/ℓ. It was expected that the higher feed sulphate concentration would result in a higher sulphide concentration in the system. Even though compared with other anaerobic micro-organisms (namely methanogenic archaea) the sulphate SRB have the highest tolerance to sulphide, their activity is nevertheless affected by the presence of sulphide, especially un-dissociated hydrogen sulphide (H 2 S). Un-dissociated H 2 S is inhibitory to SRB and decreases their growth activity (Reis et al., 1992; Maillacheruvu et al., 1993; Konishi et al., 1996; Kalyuzhnyi et al., 1997; O'Flaherty et al., 1998) . Investigating the effect of high feed sulphate concentration on the system performance was therefore necessary in order to assess the extent of un-dissociated hydrogen sulphide (H 2 S) inhibition on BSR using PSS as substrate in a UASB reactor.
Methodology
Reactor R2 (T=20 o C) was inoculated with waste sludge from R1 (Day 280) and operated for 270 d to Day 550. Initially, R2 performance was not as good as R1, despite complete seeding with R1 sludge. The relatively short HRT of ~28 h at which R2 was operated during the start-up period was probably too short. It was thought that R1 waste sludge would result in a quick and effective start-up of R2 biological processes since R1 was at its maximum efficiency. However, it appeared that an adaptation period was required for the selected population group of sulphidogens to develop at the lower temperature (20 o C). After 50 d of operation to Day 330, granulation was observed and the system performance started to stabilise. The effluent sulphate concentration remained stable from periods Day 333-350 and Day 371-392 with a sulphate removal of 83.7% and 79.8% respectively, even though the HRT was incrementally decreased from 28 h to 24 h (see Table 5 later), implying that the reactor was at steady state. However, the effluent sulphate concentration (303 mgSO 4 2-/ℓ) was still above the specified requirement (250 mg SO 4 2-/ℓ in South Africa). In addition, during this period the VFA concentration was low suggesting that PSS hydrolysis was incomplete and was the rate-limiting step under the lower temperature conditions.
During the 270 d of operation of R2 (i.e. from investigation Day 280 to 538, or equivalently from R2 Day 0 to Day 258), the influent feed flow rate was varied to vary the HRT. The UASB R2 operational conditions during the 270 d are set out in Table  1 . The different steady state periods with respect to the operating HRT with 2 PSS COD/SO 4 2-ratios, the days at which bed profile tests were conducted, the period when alkalinity dosage was stopped and the days on which mass balances were determined are listed.
Influent characteristics
Similar to UASB Reactor R1 (Poinapen et al., 2009a) , the prepared feed for R2 (from dilution of the PSS) augmented with 1 500 mgSO 4 2-/ℓ was regularly analysed for its COD, TKN, FSA, VFA and H 2 CO 3 * alkalinity concentrations and pH. Two influent PSS COD/SO 4 2-ratios (namely 1.33 and 1.75 mg COD/ mgSO 4 2-) were applied. A summary of the results from the measurements of the above parameters over the 2 steady state periods at feed COD/SO 4 2-ratio = 1.33 (SS2, R2 operation Day 371 to Day 392) and 1.75 (SS5, R2 operation Day 520 to Day 538) is listed in Table 2 .
It was expected that at 20 o C, the hydrolysis/acidogenesis of biodegradable particulate organics (BPO) would not be complete but no information was available to indicate what 
Summary of UASB R2 performance
A summary of the average experimental data at the different HRTs and BRTs is listed in Table 5 . The minimum HRT for which the specified effluent criteria were met was found to be between 20.4 to 21.0 h, where sulphate removal efficiency was ~ 95% at a PSS COD/SO 4 2-ratio of 1.75. Figure 3 illustrates the variation of R2 solids concentration along the bed axis. Above the 10 cm height there is little difference in the solids concentration along the bed axis probably largely due to the sludge recycle (at half the influent flow). From these measurements, the mass of sludge in the bed was calculated, which in relation to the mass of sludge wasted (see below) and the mass of sludge in the effluent, yielded the sludge age (R s ) of the UASB Reactor R2 at around 24.1 d.
Profile of solids -Calculation of sludge age (R s )
Analysis of R2 waste sludge
UASB R2 waste sludge was analysed on 6 operational days R1 performance (fed 1 800 mgSO 4 2-/ℓ) at the lowest optimal HRT of 18.0 to 18.5 h Table 8 summarises the concentrations of the effluent parameters of interest when R1 (fed 1 800 mgSO 4 2-/ℓ) was operated at its lowest optimal HRT of 18.0 to 18.5 h (Day 420 to Day 473). The influent values are also listed including pH because alkalinity was not dosed to the influent during this period.
The low effluent organic COD, sulphate and VFA concentrations with the concomitant production of high alkalinity underline the very good performance of R1 even at a relatively low HRT and no alkalinity dosage to the feed. The system achieved ~92% sulphate removal efficiency implying that inhibition of un-dissociated hydrogen sulphide on the growth and activity of SRB was negligible. This aspect is important in calibrating the value of hydrogen sulphide inhibition constant (K I ) in the calibration and validation of the dynamic kinetic BSR model (UCTADM1-BSR) (to be presented in Part 6 of this series; currently in preparation by Poinapen and Ekama). Interestingly, the reactor/effluent pH was very close to the pK' S1 value of the H 2 S/HS -system suggesting that in the absence of gaseous CO 2 production, the system pH is governed by the sulphide system. This aspect will be explored in greater depth in the steady state model development to be presented in Part 5 (currently in preparation by Poinapen and Ekama). Importantly for model development, the aqueous hydrogen sulphide recovery matches closely the theoretical sulphide from the sulphate reduced and COD, S and N mass balances were all very good averaging 96.5 (± 0.8), 95.8 (± 2.9) and 103.3 (± 8.3) respectively.
With the excellent performance of R1 from Day 280 to Day 400 when fed 1 800 mgSO 4 2-/ℓ (detailed results not given), NaHCO 3 dosage to the feed was stopped on R1 Day 400. Figure 4 shows the variations in feed and effluent pH with time. Particularly striking is that the effluent pH was unaffected implying that the system pH is self-regulatory at pH >7.0 even 551 operation of R2 demonstrates that sulphate reduction using PSS at ambient temperature (20 o C) can be achieved provided a higher feed PSS COD/SO 4 2-ratio and/or a longer R s is applied.
Comparison of operating parameters and performance with previous studies
A summary of the performance of the UASB reactors operated in this study along with the performance of various one-stage bioreactors for the treatment of sulphate-rich waters is listed in Table 10 . Overall the use of PSS as carbon source (substrate) in UASB systems matches closely (and sometimes exceeds) the performance of systems fed with soluble substrates (namely ethanol, lactate and molasses). This demonstrates the benefits of PSS as a low cost energy source for BSR.
Design and operating parameters
A summary of the different design and operating parameters applied to the 2 BSR UASB systems of this investigation is listed in Table 11 . Two of these parameters are critical and govern the system performance and economics:
• The sludge age (R s ) which controls the sludge aspect ratio (bed height/diameter) and hence the reactor bed volume. This in turn will govern the biomass concentration for BPO maximum hydrolysis rate, which is the limiting rate of the system; Ristow et al. (2006) showed that this rate is closely similar to that in methanogenic AD systems treating PSS.
• The HRT controls the reactor volume comprising the bed and liquid phases. A short HRT is always desirable because it reduces the reactor volume. However, too short an HRT 552 leads to high upflow velocity and disproportionate bed expansion and sludge wash out. Therefore, the optimum HRT should be established so as to allow sufficient contact time of the sulphate with the sludge bed (biomass) and to optimise the upflow velocity (V up ) which governs the bed expansion ratio which in turn dictates the sludge age if a constant bed height is required. Sludge settleability and bed expansion are considered by Poinapen et al. (2009c) 
The remaining parameters will then be a consequence of how the sludge age (R s ) and HRT are optimised. As far as temperature is concerned, it was found that the feed PSS COD/ SO 4 2-ratio had to be increased to 1.75 to cater for incomplete biodegradable particulate organics (BPO) hydrolysis (and consequently low VFA generation) due to the slower hydrolysis/ acidogenesis rate at a temperature of 20 o C compared with 35 o C. If a high % of biodegradable organics utilisation is required at the lower temperature, the sludge age of the UASB reactor needs to be increased by increasing the reactor area so that a higher sludge mass is retained in the reactor in relation to that wasted to maintain the bed height, i.e. in effect reducing the volumetric COD (and SO 4 2-) loading rate.
Conclusions
The successful operation of the UASB Reactor R2 (fed 1 500 mgSO 4 2-/ℓ) at 20 o C is of significant importance because fullscale systems are not likely to be heated due to the absence of methane gas. Besides the 2 critical parameters (R s and HRT) which are both longer at 20 o C than at 35 o C, the other important parameter in the operation of BSR systems using PSS is the feed PSS COD/SO 4 2-ratio. By decreasing the temperature from 35 o C to 20 o C, the PSS biodegradable particulate organics (BPO) hydrolysis rate is decreased and less than 70% of the BPO is hydrolysed thereby generating less VFA for BSR. Increasing the PSS COD/SO 4 2-from 1.25 (applied to R1) to 1.75 (applied to R2) increased the BPO concentration hydrolysed to meet the VFA demand for sulphate reduction. Alternatively, increasing the sludge age of the system by reducing the volumetric COD and sulphate load would increase the % BPO hydrolysed while maintaining the feed PSS COD/SO 4 2-at 1.25. UASB R1 was operated at an increased influent sulphate concentration (1 800 mgSO 4 2-/ℓ) to investigate the inhibition effect by un-dissociated hydrogen sulphide generated from the reduction of this sulphate concentration level. It was found that high sulphate reduction (~ 92%) was achieved even at the relatively low HRT of 18.5 h. This observation is important in calibrating the value of the acetotrophic (acetate using) SRB inhibition constant (K I ) in the dynamic kinetic simulation model (UCTADM1-BSR) developed in Part 6 of this series, which is currently in preparation by Poinapen and Ekama.
